Background Transvenous catheter ablation of atrioventricular nodal re-entrant tachycardia (AVNRT) with radiofrequency (RF) is effective and safe, but carries a 1-3% incidence of early and potentially late heart block. Cryothermy can create transient effects, and identify potentially successful ablation sites and decrease the risk for permanent heart block. Methods In this prospective, randomized trial 102 patients with recurrent narrow QRS-complex tachycardia suggestive of AVNRT were randomized to either RF or cryoablation before a diagnostic study. Results In 63 patients with AVNRT, 33 were randomized to RF and 30 to cryoablation. Procedural success was achieved, respectively, in 30 (91%) patients in the RF and 28 (93%) in the cryoablation group. The median number of cryothermal applications was significantly lower than the number of RF applications (2 versus 7, p < 0.005). No accelerated junctional rhythm was seen with cryothermy, while it was present in 31/33 RF patients. Both fluoroscopy and procedural times were comparable. The radiological position of the successful site in relation to anatomical landmarks was slightly different (p < 0.05). No cryothermy related complications were observed, and no permanent AV conduction disturbances occurred. During a mean follow up of 13 ± 7 months long-term clinical success was seen in one additional patient in each group. In the same period, 3 patients in both groups experienced recurrent AVNRT. Conclusion Cryoablation is as effective and safe as RF for AVNRT. Significantly fewer applications are necessary, with comparable procedure times. This makes cryothermy useful for the treatment of tachyarrhythmias near the compact AV node.
Introduction
Catheter-based radiofrequency (RF) energy has become the preferred modality for tachyarrhythmia ablation and has proven to be highly effective in the treatment of atrioventricular nodal re-entrant tachycardias (AVNRT), accessory pathway tachycardias, atrial flutter, focal atrial fibrillation, and ventricular tachycardias. However, lesions created by RF energy inevitably involve some degree of tissue disruption, are irreversible and thrombogenic. [1] [2] [3] During ablation of the slow pathway in AVNRT, and of (para)septally located accessory pathways, there is an increased risk of right bundle branch block or inadvertent complete AV-block, as these pathways run in close proximity to the atrioventricular node. [4] [5] [6] [7] [8] [9] [10] Applications should be delivered during sinus rhythm and not during tachycardia, because of the risk of catheter dislodgement at termination of the tachycardia.
Because freezing (cryothermy) has the ability to reversibly demonstrate loss of function of tissue with cooling at less negative temperatures (ice mapping), and because progressive ice formation at the catheter tip causes adherence to the adjacent tissue, this ablation method potentially has advantages over RF ablation for safe ablation, even during tachycardia. 11 Therefore, cryothermy could be especially useful in AVNRT and (para)septally located accessory pathways, to reduce the risk of inadvertent right bundle branch block, or complete AV-block. [12] [13] [14] The purpose of this prospective, randomized, single centre study was to compare cryothermal and RF ablation in AVNRT. We hypothesized that cryoablation is as effective as RF, that it is a safe method, and in comparison with RF ablation less applications will be necessary, with no occurrence of complete AV-block or thrombo-embolic complications.
Methods
Consecutive patients with recurrent narrow QRS-complex tachycardia, suggestive for AVNRT were enrolled. All patients signed informed consent and were randomized by an independent institution (Cardialysis) to either cryothermal or RF ablation before the baseline electrophysiological study. All antiarrhythmic drugs were discontinued for a duration of 5 half-lives. A standard electrophysiological study was performed. One bipolar catheter and two quadripolar catheters were inserted into the right femoral vein and advanced to the high right atrium, His bundle position, and right ventricular apex, respectively. A decapolar catheter was positioned in the coronary sinus via the left subclavian vein. A detailed measurement of the AV junction in relation to radiological hallmarks was made on the CAAS II system (delineation of the His bundle, and its relation and distance to the os of the coronary sinus). Images of this position were stored in three radiological views: anteroposterior (AP), right anterior oblique (RAO 30), left anterior oblique (LAO 30). Incremental atrial and ventricular pacing and extra stimulus testing were performed, with determination of the anterograde and retrograde effective refractory periods (ERP) of the AV node, as well as the Wenckebach point, and the stable 2:1 AV-block interval. Diagnosis of dual AV nodal pathways (AH-jump) and AVNRT was made on the basis of standard diagnostic criteria. If sustained tachycardia could not be induced, isoproterenol and eventually atropine were infused to facilitate tachycardia.
Ablation
The target in both ablation techniques was slow pathway ablation guided by a combination of intracardiac electrogram criteria and anatomical landmarks. 15 Catheter positioning and handling was performed during continuous fluoroscopy. The target position was labelled in the 3 mentioned radiological planes, with the His bundle and coronary sinus catheter as references. The endpoint was non-inducibility of AVNRT.
For RF ablation, a 7Fr 40-60 mm curve, 4 mm tip catheter (Conductr, Medtronic, Minneapolis, USA) was used with a conventional electrosurgical generator (Atakr II, Medtronic, Minneapolis, USA) as a source of radiofrequency energy. Each application was started with power set at 10 W; if AV conduction was preserved, the power was increased up to 40 W until a maximum of 65°C was reached. Fluoroscopy was used throughout each application. For cryoablation, a 7 Fr 53 mm curve, 4 mm tip catheter (Freezor 3, Cryocath Technologies, Montréal, Canada) was used, and a CCT2 CryoConsole (Cryocath Technologies, Montréal, Canada). Initially, ice mapping was performed by cooling to À30°C for a maximum of 60 s. Fluoroscopy was applied until a stable temperature of À30°C was reached. During these 60 s, atrial extra stimulus testing was performed. Disappearance of an AH-jump, termination or non-inducibility of AVNRT was considered to be an identification of a potentially successful ablation site, and ablation was subsequently performed by cooling to À75°C for a 4 min period to create a permanent lesion. If there was no clear AH-jump, and AVNRT was difficult to induce at baseline, prolongation of the anterograde AV refractory period during atrial extra stimulus testing during ice mapping was used to identify a target site.
In both the cryothermy and RF group, inducibilty of AVNRT was tested after each application, and if non-inducible, repeated after a 30 min waiting period. Conduction and ERP-intervals were measured again. Procedure time was measured from the moment of arrival of the patient at the EP lab until the end of the treatment, including the 30 min waiting period.
Follow-up
After ablation, all patients received an event recorder for 3 months to transmit an ECG during symptoms and were seen at the out patient clinic. One year after the procedure all patients were approached by telephone and asked about recurrent palpitations.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation. Non-parametric data were compared using the MannWhitney U test. The level of significance was set at p < 0.05.
Results
A total of 102 patients were enrolled in this study. After baseline study, AVNRT was diagnosed in 63 patients (Fig.  1 ). Of the remaining 39 patients, 12 had a (para)septally located accessory pathway, and 13 patients suffered from other circus movement tachycardias. Atrial flutter was the target arrhythmia in 3 patients; in another 3 patients it was a focal atrial tachycardia, and in 8 patients arrhythmias were non-inducible. Of the 63 patients with AVNRT, 33 were randomized to RF and 30 to cryoablation before baseline EP study (Table 1 ). There were 10 men and 23 women in the RF group with a mean age of 44 years. The cryothermy group consisted of 14 men and 16 women with a mean age of 52 years. Successful ablation was achieved in 30 (91%) patients in the RF and 28 (93%) in the cryothermy group, respectively ( Table 1) . The median number of ice maps (applications until À30°C ) was 5. The median number of applications in the cryothermy group was significantly lower than in the RF group, namely 2 versus 7 (p < 0.005). The median fluoroscopy time was 35.2 min in RF and 29.2 min in the cryothermy group and was not significantly different. The procedure times were also comparable with both techniques, namely 144 min in the RF and 142.5 min in the cryothermy group. Furthermore, there were no differences in electrophysiological characteristics before and after the procedure in both groups (Table 2) . One patient in the RF group had a pericardial effusion (due to the right ventricular lead positioning), which resolved after drainage. No other procedural complications were seen. In one patient in the RF group a temporary PR prolongation was registered for the duration of a few beats. In the cryothermy group, 2 patients had temporary complete AV-block, lasting 10 and 13.4 s, while this was not observed during cryomapping (Fig. 2) . Transient AV-block was observed during icemapping in 2 patients, and 2:1 block in one during mapping while in AVNRT. No permanent AV conduction disturbances were seen. During RF applications, a fast junctional rhythm was observed in all but 2 patients in the successful application; it was at baseline (a) and after ice mapping was started (b and c). In A, conduction of the extra stimulus A2 is conducted over the slow pathway (A2H2 interval 360 ms). When ice mapping is started A2H2 is conducting over a faster path, 240 ms in B, and AV conduction is blocked in panel C. This sign that the fast pathway is preserved can be used to start ablation. never seen during cryothermy. The radiological position of the ablation tip at the successful site was different between both approaches in the RAO 30°angle. The median distance in systole between ablation tip and the vertical perpendicular line from the His bundle distal tip electrode was 12.7 mm for RF and 4.5 mm for cryothermy (p < 0.05). The distance with the coronary sinus os in horizontal axis also showed a similar difference (p < 0.05). During a mean follow-up of 12.9 ± 6.3 months in the RF and 11.7 ± 7.0 in the cryothermy group, long-term clinical success was seen in 2 patients (one in each group) after a failed procedure (Table 3 ). In the same period 3 patients in each group experienced recurrent AVNRT. One patient of the RF group had recurrent palpitations due to atrial fibrillation.
Discussion
AVNRT is the most common regular narrow QRS complex tachycardia in humans. Nowadays, RF catheter ablation is the treatment of choice in patients with recurrent episodes of AVNRT. Although RF ablation is highly successful, the success rate is not 100% and a risk of an inadvertent RBBB or complete AV-block still exists. [4] [5] [6] [7] [8] [9] [10] Because cryothermal energy has the ability to create temporary lesions (ice mapping), prospective ablation sites can be investigated, before a definitive, and irreversible lesion is created. [11] [12] [13] [14] Theoretically, this should lead to less applications and abolish the risk for permanent conduction disturbances. On the other hand, it still remains to be proven that cryothermy is as effective as RF both during the procedure and in long-term follow-up. In this study, the acute success rate of both cryoablation and RF ablation was comparable. There was no difference in the median number of ice maps in the cryothermy group in comparison with the number of applications in the RF group. However, the number of real applications in the cryothermy group was significantly lower than the number of applications in the RF group. This can be explained by the characteristics of cryoenergy. Ice mapping provides a tool to investigate prospective ablation sites. In both techniques these sites are initially chosen by the same kind of intracardiac electrograms and anatomical landmarks. However, if during ice mapping, AVNRT is still inducible and/or an AH jump is stil present, ice mapping is terminated and no ablation will be carried out. So, no irreversible lesions are created. On the contrary, with RF, ablation is immediately performed on the grounds of the same markers, almost immediately causing irreversible tissue damage. This more precise delivery of therapy with cryothermy results in less tissue damage (less applications), together with the formation of homogenous fibrosis with a well demarcated border. 16 This makes cryothermy, in contrast to RF, potentially less proarrhythmic. Earlier studies with RF in AVNRT suggested at least a relationship with the late occurrence of atrial flutter. 15, [17] [18] [19] No persisting conduction disturbances were observed in either group, and no thrombo-embolic complications occurred. During long-term follow up a comparable number of patients in both groups had recurrent AVNRT (see Fig. 3 ).
Observations with cryothermy
At this time the cryocatheter is not as manoeuvrable as a conventional RF catheter, and this could limit the proper positioning of the cryoablation catheter. A question that still remains is whether cooling to À30°C always implies that the observed effect is maximal. In other words, is it possible that this is not cold enough to cause an effect, while theoretically it could be the right spot? Indirect evidence is the observation that while complete AVblock was observed in one case a few seconds after cryoablation was started, this conduction delay was not present during ice mapping. Full recovery of AV conduction occurred within a few seconds of termination of cryoablation. This is in-line with an observation that most conduction damage recovers very quickly after freezing. 20 Furthermore, during an earlier study with cryoablation, we observed that, especially in left posteroseptally located accessory pathways, ice mapping did not always interrupt or modify pre-excitation, while cryoablation at the same spot could still be successful.
14 An explanation for this observation could be a deeper or even epicardially located accessory pathway. On the other hand, as tissue temperature rises away from the centre, tissue effects that occur late during a cryo-application are expected to be reversible. This could mean that more precise mapping is necessary, or that delivery of more energy, e.g., with larger tips, is necessary. At this moment no definitive conclusion can be made, and more experimental studies are needed to provide an answer to these observations. The fact that we did find a slight radiological difference underscores the importance of cryomapping.
Fluoroscopy
Finally, because of cryoadherence of the cryocatheter, an important asset could be a diminished fluoroscopy time. In this study there was only a tendency in favour of cryothermy. The relatively long fluoroscopy time can be explained by the fact that ablation was carried out in the ''old fashioned'' way by continuous fluoroscopy, and not directed by a navigation system, such as Loca- Lisa. 21 Furthermore, catheter handling during ablation was mostly done by less experienced physicians, with the senior electrophysiologist operating the EP lab. Indeed, a learning curve was seen, as fluoroscopy time was decreasing during the course of the study.
Conclusion
This study showed that, in AVNRT, cryothermy is as effective and safe as RF -both acutely and chronically. Procedures are comparable in length, and results remain similar during long-term follow-up. No persisting conduction disturbances or thrombo-embolic complications occurred. The lower number of applications also makes it attractive for other sites in the heart, as less collateral damage will occur. It is the only method potentially targeting the slow pathway on an electrophysiological basis, offering a way to avoid the fast pathway. The fact that no accelerated junctional rhythm is seen with cryothermy is another argument to believe that this energy form is safer. 22 There is a potential for cryothermy to replace RF, or to be used as an alternative for ablation of (para)septal circus movement tachycardia and also for pulmonary vein isolation, to create lesions that are deeper and transmural, without the danger of creating pulmonary vein stenosis. 23 With the reversibility, it is an excellent teaching tool.
